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DYNAMIC SIMULATION AND ANALYSIS OF
EBR-II ROD-DROP EXPERIMENTS

by

A. V. Campise

ABSTRACT

The neutronic, thermal, and hydraulic characteris-
tics of EBR-II were modeled with the AIROS-IIA! dynamic-
simulation program. The radial power and reactivity dis-
tributions in core and blanket regions were simulated by
dividing the core and inner blanket into individual feedback
channels, each representing anaverage fuel element invari-
ous rows of the reactor. Average power and flow rates were
used to compute the temperature transients associated with
rod-drop experiments; in turn, these temperatures were
used with weighted temperature coefficients to compute the
many temperature-induced reactivity feedbacks. These com-
putations were applied torecent EBR-II power runs in which
rod-drop experiments had been conducted; the computed re-
sults showed very good agreement with experimental data on
power level and reactivity feedback for the first 40 sec fol-
lowing the rod drops. The dynamic-simulation model de-
scribes the response of the reactor for the first 40 sec as
being due primarily to driver-fuel axial expansion and to
density changes in the sodium coolant. These two sources
of reactivity feedback appear to be sufficient to explain the
variations measured in the rod-drop experiments.

The dynamic-simulation model was also used to an-
alyze EBR-IIcores having a stainless steelreflector. A one-
parameter variation study was conducted with all computed
negative temperature coefficients held constant and a single
positive feedback assumed to be due to reverse bowing in
the stainless steel reflector. The computed results agree
fairly well withmeasured rod-drop data and alsowithmeas-
ured power-coefficient data from these cores.
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I. INTRODUCTION

Control, stability, and safety of EBR-II are of primary importance
in the successful operation of this LMFBR fast-neutron irradiation facility.*
A continuing safety surveillance is maintained through the use of rod-drop
techniques. Periodic testing of the reactor is accomplished by rod-drop
experiments with a stainless steel rod in place of a standard control rod.
A data-acquisition system is used to reduce the data, and an inverse
kinetics digital program is used to compute the reactivity feedback asso-
ciated with the power variation recorded from an out-of-core ion chamber.
The feedback data comprise the basic experimental results relating to the
reactor stability and to the dynamic characteristics of a particular core
loading.

Various modeling techniques®’® have been used to understand the
characteristics of the feedback data from various EBR-II core loadings.
The approach formulated in this report is that of a dynamic simulation
of the reactor core and rod-drop experiment. Radial and axial heat-
transfer nodes are set up to compute the temperature distributions in
"averaged" fuel elements in various rows of the reactor core and inner
blanket. Prompt- and delayed-neutron constants are used as input to the
basic space-independent reactor-kinetics equations to solve the power
variation resulting from a given rod drop. A closed-loop reactivity feed-
back network is maintained, and temperature changes in the fuel and
coolant are associated with the weighted and localized temperature coef-
ficients of reactivity. The temperature-induced reactivity changes are

used to compute the total reactivity feedback associated with a given rod-
drop experiment.

The dynamic simulation, as outlined above, is based on fundamental
principles of reactor kinetics and heat transfer as applied to data from the
rod-drop experiments. The AIROS-IIA code! is used to program the neu-
tronic, thermal, and hydraulic characteristics of each EBR-II core loading

A complete description of the theoretical model and the in

5 ut data i i
in the following section. : i

*Experimental Breeder Reactor II

(EBR-II) is the United i
facility for irradiation tests for i il

e gy Commission's prim,
ts Liquid Metal Fast Breeder Reactor (L . .

MFBR) program.
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II. THEORETICAL MODEL

The reactor core and inner blanket are divided into eight "averaged"
rows, seven in the core and one in the inner blanket. Corresponding to these
rows are six feedback channels that represent driver fuel. A seventh channel
is used to represent the control-rod locations and to compute the reactivity
feedback of the control rods in the closed-loop feedback network. The
eighth feedback channel represents the inner blanket.

Figure 1 is a schematic representation of the eight feedback channels
used to represent the EBR-II core and inner blanket. Figure 2 shows the
basic feedback network used to simulate the closed-loop behavior of EBR-II.
As indicated in Fig. 2, an "averaged" fuel element is taken to simulate each
row of the reactor core, and also one is taken for the control rods. The
final channel is associated with inner-blanket material.

The basic reactivity equation is

NF
p(t) = -at + Fr(6T)k, (1)
K=1
where
p(t) = the total reactivity feedback of the system;
a = the reactivity ramp rate associated with the stainless
steel drop rod in $/sec;
t = the time in seconds; .
Fyg = the weighted temperature coefficient of reactivity
associated with feedback node K;
T = the temperature change in feedback node K;
K P g
NF = the total number of feedback nodes in the closed loop;
and

K = the index of the number of feedback nodes.

Ninety-six different feedback nodes (12 for each of the eight chan-
nels) are considered in the EBR-II dynamic-simulation model. In each
channel, these nodes consist of nine in fuel (or blanket) material, and
three in sodium coolant. (As Fig. | shows, the model has 19 nodes per
channel, but seven of these--three in cladding, three in sodium bond, and
one in inlet sodium coolant--are not considered feedback nodes.)
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In the
RW, is given

(RW);
where
(RW);
bex
1
Y/
i
and
H

The weighted temperature coefficient, Fg, is

Finally, the temperature-induced reactivity feedback is given by

Fie =

NF

K=1

AIROS-IIA program, the distribution of axial reacti
as a square of a sine distribution, so that

fﬂ el sinz(ﬂli) i
bextb(i-1)

baxtH
[ o) o

zex

- the axial reactivity weighting in a given feedbac

= the extrapolation length;

- the number of axial node (see Fig. 1)5

= the length of the node;
= H+ 2%

= fuel height.

Y FKITK = FidTy + F2dTy + ... Fg-13TK-1 + FRITK,

vity worth,

(2)

k node;

(3)

where the temperature in each radial and axial feedback node is multiplied
by a radially and axially weighted temperature coefficient to compute the

total reactivity feedback, p(t).

Thus, in the eight-channel dynamic-

simulation model, we have 96 feedback networks that must be summed over
to compute the total reactivity feedback associated with a rod-drop

experiment.

The required input for the computations includes representative
values for the effective delayed-neutron constants, averaged core and
blanket temperature coefficients, and the averaged power and flow rate

in each feedback channel.

with zero-power transfer-function measurements.

These data have led to very good agreement
The effective delayed-

neutron constants used to simulate the reactor kinetics are shown in

Table I.



TABLE |. Effective Delayed-neutron Constants

Group Bi i (sec) Group Bi N (sec)
1 0.000252 007 5 0.001024 14000
2 0.001480 00317 6 0.000237 3.7800
3 0.001344 0.1150 Bety = 0.007278
] 0.002941 03110 2p* = 155 x 1077 sec

*f = Prompt-neutron lifetime.

For each type of core
studied, "core-averaged" tem-
perature coefficients of reac-
tivity were computed for driver
fuel, blanket material, and
sodium coolant. These tem-
perature coefficients? were

obtained from a two-dimensional, six-group diffusion-theory digital pro-

gram, and are listed in Table II.

The core- and blanket-averaged tempera-

ture coefficients were distributed over each of the eight channels in our
model, using the normalized reactivity-worth distributions shown in
Figs. 3 and 4. These distributions were normalized to earlier ZPR-3

TABLE Il. Core- and Blanket-averaged Temperature Coefficients of Reactivity
for Stainless Steel-reflected and Depleted-uranium-blanketed Cores

Depleted-uranium Radial Reflector; Stainless Steel Radial Reflector;
Stainless Steel Axial Reflectord Stainless Steel Axial Reflector"
@30 th = 1% Ak/k) (404 th = 1% Akfk)

Component

Temperature Coefficient
(In/°C)

Temperature Coefficient
(m/ec)

Core sodium density

Density of sodium in radial blanket
Density of sodium in axial blanket
Axial expansion of fuel

Density of axial-blanket uraniumC®
and stainless steel

Density of radial-blanket uranium
and stainless steel

0.384
0.066
0.192
0213

0.019

0.060

0.361
0.09
0.186
0.183

0.080

0121/

3Runs 29C, 33A, and 36A.
DRuns 268 and 29A.

CA small amount of depleted uranium not yet replaced by stainless steel.

T T T T T

03fF B
-3
H
w
S
=
E
=
2
5 021 A
=
=
F
o
a
w
«
)
w
2
i 0. F )
z L
S
z

° i " L
| 2 3 4 5 6
)
CORE CENTER

ROW IN CORE

Fig. 3. Normalized Reactivity Worthof 235U asa
Function of Radial Position in the EBR-II
Critical Mockup (adjusted for a typical

EBR-

II loading of driver-fuel and

experimental subassemblies)

NORMALIZED REACTIVITY WORTH OF SODIUM COOLANT

0.3

0.2

o

)
CORE CENTER

ROW IN CORE

Fig. 4. Normalized Reactivity Worthof Sodium

Coolant as a Function of Radial Position
in the EBR-II Critical Mockup

15
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critical-assembly mockups® of the original EBR-II core, and adjusted for a
typical, current core loading that included experimental subassemblies.
Additional critical experiments for present core loadings should appreciably
improve this input data and will be utilized in future analysis of rod-drop
experiments.

The measured reactivity worths of sodium in the EBR-II critical
mockup in the radial and axial directions are depicted in Figs. 5 and 6.
The mockup-core compositions are listed in Table III, and the inner and
outer radii of the radial substitution regions are listed in Table IV and
shown in Fig. 7. The weighted temperature coefficients were used in the
radial direction as indicated by the normalized critical-assembly data, and
the axial importance distribution was taken to be the square of a sine dis-
tribution integrated over the length of the individual fuel channel as available

WORTH, Ih/kg

|, CORE ZONE
2 F I'l, CORE ZONE

RADIAL POSITION, IN.

Fig. 5. Measured Reactivity Worths of Sodium Samples as a Function
of Radial Position in the EBR-II Critical Mockup

+ CORE ZONE !

WORTH, 1h/kg
&
&

\\\Q/_lv. BLANKET ZONE
=

—

LR

n L 1
! 2 3 vy 5 6 7 8 9
AXIAL POSITION, IN.

Fig. 6. Measured Reactivity Worths of Sodium Samples as a Function
of Axial Position in the EBR-II Critical Mockup



TABLE II. Compositions of EBR-II Critical Mockup

Sodium-filled Aluminum-filled Aluminum-filled
Clean Core Clean Core Engineering Core
Critical Mass, kg 2*°U: 161.6 161.0 166.2

Composition (vol %)

235 (18.75 g/cc) 13.92 13.92
238U (19.0 g/cc) 15.83 15.83
SS (7.85 gi 16.86 19.31
Al (2.70 g cc) 17.77
Na (0.97 g/cc) 39.94

See
Table VIII
of
Ref. 5

TABLE IV. Inner and Outer Radii (in.) of Substitution Regions

Sodium-filled Clean Core and

Aluminum-filled

Region Aluminum-filled Clean Core Engineering Core
I 0-3.69 0-3.69
I 3.69-6.62 3.69-6.62
III 6.62-9.39 6.62-9.70
v 10.27-12.69 9 7 0=15750

10 11 1213 1415 16 171819 2021 2223 24

CORE BOUNDARY

xvvrTTTTTITYTIT = 1 ole ZPR-3

3 ASSEMBLY B8A
k. 3 (BOTH HALVES)

3 A A

Fig. 7
Radial Regions of Material Sub-
stitutions in "Engineering Core"
of EBR-II Critical Mockup

in AIROS-IIA. This formulation is given in Eq. (2). Future modifications to
the AIROS-IIA digital program will allow additional axial distributions for
the temperature coefficient of each feedback node, thereby allowing a closer
dynamic simulation of the EBR-II characteristics. The averaged power
levels and flow rates for the fuel and blanket channels were taken from the
COOLTEMP® formulation, and are listed in Table V for each of the core

loadings studied.
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TABLE V. Averaged Power Levels and Flow Rates for Fuel and Blanket Channels

Total Power Total Power Total Power Total Power Tota(lJ g%ﬁ
= 41.5 MW = 45.0 MW = 45.0 MW = 50.0 MW = 50 b
Run 2682 Run 2947 Run 29¢P Run 33A° Run 36A
Power Flow
Channel Power Flow Power Flow Power Flow Power Flow
Number Simulation (Btu/sec) (Ib/sec) (Btu/sec) (Ib/sec) (Btu/sec) (Ib/sec) (Btu/sec) (Ib/sec) (Btu/sec)  (Ib/sec)
1 Averaged Fuel
Bement (Row 1 6.69 0.197 7.66 0.18 7.05 0.187 813 0.195 8.01 0.200
2 Averaged Fuel
Eleme‘r;n (Row 2) 1.22 0.197 7.61 0.186 1.95 0.187 8.02 0.102 7.90 0.108
5 Averaged Fuel
Element (Row 3) 6.53 0.173 6.84 0.169 6.30 0.156 1.25 0.161 7.29 0.146
4 Averaged Fuel
Element (Row 4) 6.27 0.127 6.43 0.131 6.23 0.127 7.48 0.126 7.35 0.129
5 Averaged Fuel
Element (Row 5) 5.67 0.108 6.03 0.111 5.55 0.103 6.36 0.105 6.32 0.109
6 Averaged Fuel
Element in
Control Rods
(Row 5) 5.63 0.126 6.01 0.129 5.54 0.119 6.27 0.124 6.24 0.126
i/ Averaged Fuel
Element (Row 6) 4.88 0.093 5.31 0.096 4.85 0.089 5.24 0.092 5.19 0.094
8 Averaged Blanket

Element (Row 7) 0.64 0.042 0.66 0.043 5.95 0.127 4.80 0.135 5.26 0.136

3Stainless steel radial-blanket subassemblies.
bDepleled—uranium radial-blanket subassemblies.

In summary, the dynamic simulation of the EBR-II core is accom-
plished by using (a) eight channels of fuel and blanket elements, with
radial weighting of reactivity worths in accord with a normalized distri-
bution from the EBR-II critical mockup in ZPR-3, and (b) calculated tem-
perature coefficients with axial weighting by a sine-squared distribution.

The temperature changes are computed in each feedback node and
associated with a temperature coefficient to compute the individual reac-
tivity contribution of the node to the total system feedback. These individ-
ual contributions are summed over 96 feedback nodes, and closed-loop
feedback paths are computed in the AIROS-IIA formulation, giving the
total reactivity of the system at any time step following the insertion of the
stainless steel drop rod.

Implicit in the fuel-channel heat-transfer model are all the principal
properties of uranium-5 wt % fissium driver fuel, stainless steel cladding,
and sodium coolant. The AIROS-IIA dynamic simulation of EBR-II is as
complete a model as we can presently utilize with existing digital programs.
The accuracy and sensitivity of this model are discussed in the subsequent
sections.
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III., PHYSICAL CHARACTERISTICS OF
EXPERIMENTAL CORE LOADINGS

Experimental rod-drop data from five different core loadings are
analyzed in the following sections. These core loadings are shown in
Figs. 8 through 12. The figures indicate the location of experimental
subassemblies, driver-fuel subassemblies, safety and control rods, and
the stainless steeldrop rod. The environment surrounding the drop rod is
worth noting, since this environment appreciably affects the at-power re-
activity worth of the drop rod and the uncertainty associated with this
reactivity worth.

Table VI gives the measured zero-power reactivity worths of the
stainless steel drop rod in the core loadings studied. Two basic uncer-
tainties are included in this table: (a) the reproducibility of the rod-drop
worth at 500 kW, and (b) an estimate of the uncertainty in rod worth at full
power due to increased neutron leakage from the reactor at full-power
temperatures.

Characteristics of the experimental subassemblies are given in
Appendix F. Figure 13 is a cross section of the EBR-II reactor showing
the major components in the reactor vessel, Figure 14 is a schematic view
of the reactor vessel and neutron shield assembly.

As noted in Table V, six averaged driver-fuel elements are simulated
in our feedback model. Figure 15 is apictorial view of the two types of
EBR-II driver-fuel elements and subassemblies that were in the EBR-II core
from runs 26B to 36B. Figures 16 and 17 show the physical design of the
control and safety rods in the EBR-II core! Figure 18 shows the physical
arrangement of fuel elements in the inner-blanket subassembly.

Averaged fuel elements from these subassemblies, representing
individual radial-row locations in the core and blanket, were simulated to
compute the temperature and reactivity changes associated with the stain-
less steel rod-drop experiments. The experimental and theoretical results
are compared in the following section.
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Reactivity Worths of the Stainless Steel
Drop Rod in Several Core Loadings

Estimated Uncertainty ($)

Run Reactivity
Number Worth ($) At 500 kW2 At Full PowerP
26B 0.0417 £0.0002 £0.0021
29A 0.0493 +0.0002 =0N00RS
29C 0.0408 +0.0002 +0.0020
33A 0:0533 +0.0005 $0.0027
36A (new rod)  (0.0221) £0.0005 +0.0011

@Reproducibility at 500 kW,

bBased on 5% estimated uncertainty.
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IV. COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

Five different core loadings were studied with the dynamic-
simulation model discussed in the earlier sections. These five core loadings
were chosen for the following reasons: Run 33A represented a typical,
current core loading that included experimental subassemblies and a radial
depleted-uranium blanket. Run 29C was analyzed because it was the first
core to be converted back to a depleted-uranium blanket from a stainless
steel reflector. Run 29A was the last core that contained a stainless steel
reflector. Run 26B was one of the earliest stainless steel-reflected core
loadings studied by rod-drop techniques. Run 36A was studied because this
was the first time a lower-worth, rapidly inserted stainless steel rod was
used. The reasons for study of these cores are summarized in Table VII.
The first results discussed below are those from run 33A.

TABLE VII. Reasons for Selecting Core Loadings
for Study with AIROS Dynamic-simulation Model

Run
Number Reasons for Selection

26B Earliest SS-reflected core exhibiting a
positive feedback from reverse bowing of
SS reflector.

29A Last core loading containing SS reflector;
a reference for comparison with run 29C
with depleted-uranium blanket.

29C First core loading wit‘h radial depleted-
uranium blanket to be subjected to rod-
drop experiments.

33A Typical core loading that included experi-
mental subassemblies and a depleted-uranium
blanket.

36A First core loading where a new high-speed

drop rod (*90-msec insertion) with low
worth (=2¢ ) was used.

A. Cores with Depleted~-uranium Radial Blanket

1. Run 33A

Results from run 33A are extensively analyzed in this report
and are initially discussed in this section. The sensitivity studies reported
in Sect. V deal solely with run 33A.

29
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Figure 19 shows the experimental results obtained from the
rod-drop experiment. The figure shows the computed reactivity feedback
in dollars and the percentage of initial power level as functions of time.
Also shown are the results obtained by using the dynamic model to simulate
this experiment. Agreement is very good, and differences between measured
and computed values are well within the experimental uncertainty inherent in
the reduced experimental data (see Appendix A). These results indicate,
as do other results given below, that the rod-drop experimental data
essentially contain information relating to the feedback networks associated
with driver-fuel axial expansion and sodium density changes, since these
are the only effects that are computed in our initial dynamic-simulation
model for EBR-II. Other delayed feedback terms can be identified in a
theoretical feedback model (see Appendix E), but results for the first 40 sec
of the rod drop indicate that they are not significant and need not be ac-
counted for in the basic model. These results indicate, as do other com-
parisons given below, that the characteristics of the rod drop are
reasonably well predicted, assuming that only fuel and coolant feedback
networks for core and blanket are present for the first 40 sec following
the drop. Additional feedback networks may be present but may be unde-
tected because of uncertainties in experimental data (see Sect. V).

Figure 20 shows results obtained at 27.5 MW and 100% flow for run 33A.
The same excellent agreement is apparent.

To obtain an indication of the importance of the delayed-feedback
terms, computed rod-drop results were compared with steady-state

measurements of the EBR-II power coefficient. These steady-state
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Fig. 19. Comparison of Model Results with Experimenta] Data
for Run-33A Rod Drop (50 MW, 100% flow)
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Fig. 20. Comparison of Model Results with Experimental Data
for Run-33A Rod Drop (27.5 MW, 100% flow)

measurements are routinely made for each power run of EBR-II. They
are made over the half-hour to hour following the initial change in power,
and the associated change in reactivity is noted.

The steady-state measurements were compared with the tran-
sient power coefficient as obtained from computed rod-drop results at the
end of 150 sec of computed feedback. Table VIII shows the results for
run 33A.* The transient calculations yield a power coefficient of -1.25 Ih/
MW, while the steady-state measurements yield values of -1.5 to -1.6 Ih/
MW. Thus the calculated and experimental results differ by about 20%.

TABLE VIIl. Computed Transient Power Coefficient Compared with Measured
Steady-state Power Coefficient, Run 33A (No. 2 control rod inserted)

Power Coefficient

System Reactivity Change in Reactor Change in Reactivity w— %
Initial Power at 150 sec after Power 150 sec 150 sec after Transient Steady-state Difference
Level (MW) Rod Drop (Ih) after Rod Drop (MW) Rod Drop (Ih) Calculation Measurement Calc-Exp
50.0 -2.37 -11.31 +14.11 =125 -1.50 £ 0.10 -17%
215 -5.46 -8.82 +11.02 -1.25 -1.60 £ 0.10 -22%

We conclude from this comparison that the measurements of
steady-state power coefficient imply additional delayed-feedback terms
that are not contained in the 40 sec of recorded rod-drop experimental
data. The delayed-feedback networks shown in Appendix E probably

*These results were obtained with the No. 2 control rod in the core. The rod-drop results of Figs. 19 and 20
-were obtained with the No. 2 control rod removed so as to eliminate a possible shadowing effect on the
stainless steel drop rod.

3l
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TABLE IX.

Table IX compares the computed transient power coefficient
power coefficient for run 29C.
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Computed Transient Power Coefficient Compared with Measured

Steady-state Power Coefficient, Run 29C

Power Coefficient (Ih/MW)

System Reactivity

Change in Reactor

Change in

Initial Power at 150 sec after Power 150 sec after i
+ Reactivity 150 sec Transient Steady-state i
Level (MW) Rod Drop (Ih) Rod Drop (MW) after Rod Drop (Ih) Calculation Measurement Dégecr%:ce
~Exp
45.0 -1.968 -8.68 B
- . 10.70 e -1.70 £ 0.10
25 - . 4
2 4.82 -6.39 +1.85 -1.23 -1.70 £ 0.10 _gg:
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Runs 29C and 33A both used a stainless steel rod with a total
worth of approximately 552/. This rod had an effective insertion time of
280 msec.

B Ban 86A

For run 36A, the stainless steel drop rod was rebuilt to de-
crease the reactivity insertion time to 90 msec. However, the total worth
of the drop rod was decreased to approximately 2¢. The reason for de-
creasing the insertion time of the drop rod was to introduce all of its
reactivity into the reactor system in less time than the time constant of the
driver -fuel metal, which is approximately 250 msec. The technique of
dropping the stainless steel rod in less time than the driver fuel can respond
to the initial power drop was used for the first time in run 36A; Fig. 23
shows the dynamic simulation of this run. A great deal of noise is indicated
in the experimental data because of the low rod worth. However, the model
predicts the general time response of the experimental data and is in very
good agreement with the magnitude of the measured reactivity feedback.
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Fig. 23. Comparison of Model Results with Experimental Data
for Run-36A Rod Drop (50 MW, 100% flow)

B. Cores with Stainless Steel Radial Reflectors

1. Run 29A

The basic dynamic-simulation model used in this report does
not account for any reactivity feedbacks introduced from thermal bowing of
core and blanket subassemblies resulting from temperature gradients in
the core and blanket regions. Previous a.nalys;is7 had shown that reverse
bowing (inward toward the core) was present in the stainless steel blanket
subassemblies durings runs 25 through 29A. Therefore, an attempt was
made in the present study to fit the measured rod-drop data for run 29A,



assuming a variable positive bowing coefficient associated with sodium
temperatures in the stainless steel reflector, along with constant ten’x?er:i
ature coefficients for fuel and coolant density changes as previously liste
in Table II. Results of these fits are shown in Figs. 24 through 28_-

Figure 29 shows the positive blanket-subassembly-bowing coefficients
required to fit the experimental data.
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Rod Drop (15 MW, 100% flow)
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Of particular interest are the results of the rod-drop experiment
in run 29A conducted at 12.5 MW and 100% flow. We observe here that the
negative temperature coefficients listed earlier in Table II are sufficient
by themselves to explain rod-drop data for the first 40 sec following the
drop. The blanket-bowing coefficient here is equal to zero. This is an
important result since it indicates that without the presence of subassembly
bowing, the EBR-II core is well characterized by fuel axial expansion and
sodium-density changes.
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In Fig. 29, a semiquantitative curve has been drawn through the

individual effective bowing coefficients required to fit the rod-drop data

for run 29A. The range of power change in the rod-drop experiment is
indicated. The curve has been drawn through the midpoint of the poweT
range during the experiment. These results indicate that the effect of
blanket-subassembly bowing saturates at a reactor power between 22 and
24 MW and that it extrapolates to a zero bowing effect at approximately

11 and 49 MW. This result is in very good agreement with measurements
of the power -reactivity decrement (PRD) made in runs 29A, 29B, and 29C.

During run 29A a complete stainless steel reflector surrounded
the EBR-II core. Figure 30 shows the PRD measurements going up and
down in power, 0— 45— 0 MW. A noticeable change in slope (power
coefficient) occurs between 15 and 30 MW. Figure 31 shows the corre-
sponding PRD measurements for run 29B, where only the eighth row con-
tained stainless steel reflector, while the seventh contained depleted-uranium
subassemblies. The departure from a linear behavior now occurs between
20 and 35 MW. Finally, in Fig. 32 (run 29C), all of the stainless steel
reflector subassemblies have been replaced with depleted-uranium sub-
assemblies, and a nearly linear behavior is noted. There is a marked
similarity between all PRD measurements in runs 29A, 29B, and 29C
between 0 and 12 MW, indicating from the theoretical fitting discussed
above that no bowing was present at lower power levels.
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" v Y i T Table X compares the com-
puted transient power coefficient with
A the measured steady-state power co-
efficient for run 29A. As shown, a
5 considerable amount of reactivity is
50 b ] still in the system at the end of 150 sec
= in the transient calculation. The cal-
L ! culated power coefficients range from
10% higher to 50% lower than the corre-
A 1 sponding measured power coefficients.
20 F 1
These results are shown semi-
i b ALL S REMOVED g quantitatively in Fig. 33. The power
coefficient is less negative as power
L e T T S is increased to approximately 20 to
POWER, MWt 24 MW, the points at which the dynamic

Fig. 32. Run-29C Power-coefficient Data
Taken on July 16, 1968, Normalized
to a Rod Bank of 11.00 in.

model and the experimental results,
respectively, indicate that the coefficient
reaches its smallest negative value.
Since these results are only semi-

quantitative, they do not preclude that during a reactor transient at inter-
mediate power levels, a zero or slightly positive coefficient could have
been present in the vincinity of 22 MW in run 29A.

TABLE X. Computed Transient Power Coefficient Compared with Measured Steady-state Power Coefficient, Run 29A

Power Coefficient (1h/MW)

System Reactivity Change in Reactor Change in %
Initial Power at 150 sec after Power 150 sec after Reactivity 150 sec Transient Steady-state Difference
Level (MW) Rod Drop (Ih) Rod Drop (MW) after Rod Drop (Ih) Calculation Measurement Calc-Exp
45.0 ~1.%5 -13.66 +10.33 -0.756 -0.732 +10.32
415 -8.90 -14.11 +8.78 . -0.622 -0.567 +10.97
5.0 -15.53 -11.48 +2.15 -0.188 -0.522 -36.01
15.0 -12.87 -6.28 +4.81 -0.766 -1910 -40.10
125 -12.03 -5.06 +5.65 -112 -2.170 -51.61
REACTOR POWER, MWt
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Fig. 33. Comparison between Computed Transient Power Coefficient (150 sec after rod drop)
and Measured Steady-state Power Coefficient, in Run 29A
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The dynamic model fitted to run 29A was used on run 26B foT
comparison, and the results are presented in the following section.

2 ae-Rnn 266

Run 26B was not extensively analyzed because rod-drop data
were available for only the first 10 sec following the drop. However, the
bowing coefficient obtained from run 29A at 41.5‘ MW. was used to see
whether the dynamic model would predict the brief ‘tlme—respo.nse meas -
urement made in run 26B. The results, shown in Fig. 3?4,.conf1rm that a
consistency does exist in the positive bowing characteristics of cores.re-
flected with stainless steel blanket subassemblies. No furth-er analysis
was made of run-26B data because of the limited recording time of 10 sec.

0.0175 —— T T T T 77T T T 100
0.0150 -
— =
0.0125 [ - 9%
-
=
3
=) 2
7. o000 5
= -
g -
& o.0075 |- g 5
z s s
= v 2
S 0.0050 | 7 I
& &=
e w
H
0.0025 - ——MODEL RESULTS ke
[ ML A-EXPERIMENTAL DATA
BOWING COEFFICIENT = -0.15 X 1072 $/°F |
0.0000
| PR A e e R L e o
0

| 2 3 4 5 6 7 8 2 10
TIME AFTER ROD DROP, SEC

Fig. 34. Comparison of Model Results with Experimental Data for
Run-26B Rod Drop (41.5 MW, 100% flow)

For the five runs that were analyzed, we have shown that the
dynamic-simulation model assumed in this report gives excellentagreement
with the rod-drop data for up to 40 sec of experimental measurement in
depleted-uranium and stainless steel-reflected cores.
important to assess the sensitivity of this model to ch
eters assumed in the basic model.

However, it is

anges in the param-
Section V deals with this subject.



Several perturbations were made in the input parameters to test the
sensitivity of the dynamic-simulationmodel to these parameters.

V. SENSITIVITY STUDIES

parameters are listed in Table XI.

TABLE XI. Parameters Varied in Sensitivity Studies of Run 33A2

Case
No.

Type of Perturbation

O @~ W N~

10% reduction in core-sodium temperature coefficient

10% reduction in core-fuel temperature coefficient

Reduction to zero of core-sodium temperature coefficient
Reduction to zero of core-fuel temperature coefficient

10% reduction in radial-blanket-metal temperature coefficient
10% reduction in radial-blanket-sodium temperature coefficient
5% reduction in reactivity worth of stainless steel drop rod

5% increase in reactivity worth of stainless steel drop rod
Reduction to zero of radial-blanket- sodium temperature coefficient
Reduction to zero of radial-blanket-metal temperature coefficient
3% reduction in primary coolant flow

3% reduction in reactor power

2No. 2 control rod out of core.

The basis for comparison in these sensitivity studies was the rod-
drop measurements made in run 33A with the No. 2 control rod out of the
core. This run was chosen because of the good agreement between the

"base-case" calculated results and the measured results.

the calculated curves fall right on top of the measured curves.
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Fig. 35. Sensitivity-study Comparison of Model Results (Base Case) with Experimental

Data for Run-33A Rod Drop (50 MW, 100% flow, No. 2 control rod out)

The varied

As Fig. 35 shows,
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The sensitivity studies were conducted by varying the model param-
eters around the values shown in Table XII. The worth of the stainless steel
drop rod was varied by £5%, which is the assumed uncertainty in rod worth
at full power; the primary-coolant flow and reactor power were reduced by
3%, which is the assumed uncertainty in these parameters.

TABLE XII. Sensitivity of Calculated Results to Changes in Input Parameters
for the Dynamic-simulation Model (evaluated at 40 sec after rod drop)

Case éB_($)a .a—p(%)b
No. Type oX oX
1 3X = 10% reduction in core-sodium temperature coefficient -0.00069 -0.31
2 dX = 10% reduction in core-fuel temperature coefficient -0.00083 -0.34
3 dX = Reduction to zero of core-sodium temperature coefficient -0.00902 -3.36
& 93X = Reduction to zero of core-fuel temperature coefficient -0.01056 -3.96
2] 39X = 10% reduction in radial-blanket-metal temperature coefficient -0.00003 -0.05
6 dX = 10% reduction in radial-blanket-sodium temperature coefficient -0.00005 -0.02
7 3X = 5% reduction in reactivity worth of stainless steel drop rod -0.00128 +0. 64
8 dX = 5% increase in reactivity worth of stainless steel drop rod +0.00128  -0.64
&) dX = Reduction to zero of radial-blanket-sodium temperature coefficient -0.00042 -0.17
10 90X = Reduction to zero of radial-blanket-metal temperature coefficient -0.00063 -0.30
1t 90X = 3% reduction in primary coolant flow +0.00039 +0.12
12 90X = 3% reduction in reactor power -0.00046 -0.22

2p = Reactivity.
bP = Power.

The results of many of the perturbations listed in Table XII were
small and are not worth showing graphically. However, some were dramat-
ically indicative of the sensitivity of the model. Figure 36 shows the
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Fig. 36. Sensitivity -study Comparison of Model Results (Core-sodium
Temperature Coefficient of Reactivity = 0) with Experimental Data
for Run-33A Rod Drop (50 MW, 100% flow, No. 2 control rod out)



computed results assuming that there is no sodium-temperature-induced
reactivity coefficient in the dynamic-simulation model. The computed
results depart markedly from the experimental data, indicating that there is
a definite feedback from the sodium coolant and that this feedback is included
in the rod-drop experimental data. Figure 37 shows the result of assuming
that the fuel-temperature-induced reactivity coefficient is equal to zero.
Here again we note a marked departure from the experimental data, indi-

cating that feedback from the fuel temperature is included in the rod-drop
experimental data.
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Fig. 37. Sensitivity-study Comparison of Model Results (Core-fuel Temperature
Coefficient of Reactivity = 0) with Expérimental Data for Run-33A
Rod Drop (50 MW, 100% flow, No. 2 control rod out)

Table XIII shows the effect of the perturbations on computed transient
power coefficients.

TABLE XIIl. Computed and Measured Power Coefficients (transient vs steady-state) with Assumed Changes
in Parameters in Feedback Model [Run 33A: No. 2 control rod out]

Power Coefficient (1h/MW)

Initial System Change in Change in
Power Reactivity at Power 150 sec  Reactivity 150 sec %
Level 150 sec after after Rod after Rod Drop Transient Steady-state  Difference
Parameter Change (MW)  Rod Drop (Ih) Drop (MW) {1h) Calculation  Measurement  Calc-Exp
Base Case 50 n -10.73 +13.38 -1.25 -150 -17.0
Core-sodium temperature
coefficient = 0.0 50 -4.94 -15.15 +10.61 -0.700 -1.50 -54.0
Core-fuel temperature
coefficient = 0.0 50 -5.56 -15.95 +99 -0.626 -1.50 -58.0

5% reduction in reactivity
worth of stainless steel
drop rod 50 -2.00 -10.23 +12.76 -125 -1.50 -17.0

5% increase in reactivity
worth of stainless steel

drop rod 50 .93 -11.2 +13.99 -1.25 -1.50 -17.0
% reduction in total
reactor coolant flow 50 -2.09 -10.56 +13.46 -1.27 -1.50 150

% reduction In total
reactor power 485 289 -10.63 +13.26 ~123 -150 -17.0




The variation in worth of the stainless steel drop rod is extremely
important, since this variation turns out to be the limiting factor in using the
measured results as a basis for assessing changes in the model results.
Figures 38 and 39 show that varying the rod worth by 5% causes an
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Fig. 38. Sensitivity-study Comparison of Model Results (5% Reduction in Reactivity Work
of Stainless Steel Drop Rod) with Experimental Data for Run-33A Rod Drop
(50 MW, 100% flow, No. 2 control rod out)
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Fig. 39. Sensitivity-study Comparison of Model Results (5% Increase in Reactivity Work
of Stainless Steel Drop Rod) with Experimental Data for Run-33A Rod Drop
(50 MW, 100% flow, No. 2 control rod out)



appreciable departure from the experimental results based on the assumed
(unperturbed) rod worth. As the values in Table XIII show, a variation of
+5% in rod worth causes a reactivity variation of £0.001289% at the end of

40 sec in the dynamic simulation. Thus, with a 5% assumed uncertainty in
the worth of the stainless steel rod, any reactivity variations of less than
0.001289% at the end of 40 sec of recorded rod- drop dataare not statistically
significant, since they lie inside the uncertainty of the experimental data.

This means that in judging the model results, any variations of less
than 0.001288% at the end of 40 sec cannot be assumed to be in error and
adjusted on the basis of experimental data. If we now ask what kinds of
variations are possible within this uncertainty, the following results are
obtained: an error of £18.6% in the sodium temperature coefficient or an
error of +15.4% in the fuel temperature coefficient could exist.

Large variations in the radial-blanket coefficients could be included
without being noticed in the rod-drop experimental data. The model shows
very little sensitivity to the temperature coefficients assumed for the radial-
blanket materials. Setting the radial-blanket feedbacks to zero is well within
the uncertainty associated with the rod-drop experiment.

The model is somewhat more sensitive to changes in primary coolant
flow and reactor power. However, flow rates could be off by 9.8% or less
and still not cause any disagreement between theory and experiment. An
8.3% variation in reactor power would be possible within the ¥5% uncertainty
in the worth of the stainless steel rod.

These sensitivity studies highlight the importance of knowing the
worth of the drop rod accurately. The worth should be known to within 1% in
order that the experimental data can be used to obtain good information on
the temperature-induced reactivity-feedback networks associated with the
transient behavior of EBR-II cores. This greater accuracy is especially
required in assessing the control-rod "bank effect" (the differential expan-
sion of control-rod drive shafts with respect to the EBR-II core). The con-
trol rod bank effect is probably undetected in present studies because of
uncertainties attributed to the experimental data.

43



44

VI. SUMMARY AND CONCLUSIONS

The dynamic-simulation model used in this report couples the neu-
tronic, thermal, and hydraulic characteristics of the EBR-II core into a
closed-loop reactivity-feedback system for analysis of the experimental
rod-drop data. With the use of only fuel axial-expansion effects and sodium-
density effects, we are able to reproduce the rod-drop data qualitatively (as
regards time response) and quantitatively (as regards magnitude of the
reactivity feedback) over the first 40 sec of experimental recording time.

Through the assumption that one parameter is unknown (a variable
positive bowing coefficient) and that there are constant negative computed
feedbacks, we can show that rod-drop data acquired from stainless steel-
reflected cores agree with this model. The semiquantitative results are in

agreement with other types of measurements made during the time EBR-II
was loaded with a stainless steel reflector.

The following conclusions of our studies can be listed:

1. The prompt feedback networks in EBR-II up through run 36A are

principally composed of fuel axial-expansion effects and sodium-density
effects.

2. Positive bowing from the stainless steel reflector was present in
cores from runs 26B through 29A.

3. At low power levels (<12.5 MW) with a stainless steel reflector
there was no thermal bowing, and under those conditions, the basic dynamic

model using only computed negative temperature coefficients gave excellent
agreement with rod-drop data.

4. Assuming a +5% uncertainty in the reactivity worth of the stain-
less steel drop rod, the following variations could be made in the system

parameters while remaining inside the uncertainties of the experimental
data:

a. *18.6% variation in the sodium temperature coefficient;

b. *15.4% variation in the fuel temperature coefficient;
c. *9.8% variation in the Primary coolant flow;
d.  +8.3% variation in the reactor power.

5 The

: reactivity feedbacks in the radial bl
y anket
be zero without significantly affecti o e

ng the compariso z i
perimental rod-drop data. pavinen of theepelienl cunle
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6. There definitely are reactivity feedbacks from sodium-coolant
temperature changes and fuel-expansion effects in the rod-drop data, since

zeroing out these effects causes the model to deviate markedly from the
experimental data.

7. This dynamic-simulation model can be used toward analyzing the
transient response of EBR-II cores containing irradiation experiments.

8. The agreement obtained with the dynamic model used justifies

the assumption that the power coefficient is linear at reactor operating
levels.
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VII. RECOMMENDATIONS

The following recommendations are made as a result of comparing
the dynamic-simulation model with experimental rod-drop data:

1. The drop rod should have at least 57.{ of reactivity worth to
avoid signal-to-noise problems in data reduction.

2. The uncertainty in the reactivity worth of the drop rod should be
no more than 1% to allow detailed interpretation of the various feedback
networks in the EBR-II core.

3. An instrumented subassembly containing driver fuel can greatly
enhance our interpretation of the rod-drop data. With fast-response
thermocouples on the fuel, cladding, and coolant regions of this metallic
driver-fuel subassembly, we can further verify that the temperature varia-
tions computed in the AIROS dynamic-simulation model are consistent with
those measured; we can also compare computed reactor results with the
ion-chamber current reflecting the power variation in the reactor following
the rod drop.

4. Methods should be developed to eliminate noise from the output
data associated with reactivity feedback.

5. A statistical analysis should be developed or adapted to identify
clearly statistically significant variations in the measured feedback-
reactivity data prior to detailed dynamic- simulation modeling of future rod-
drop experiments.
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APPENDIX A

Experimental Rod-drop Techniques and Uncertainties

&
A, Experimental Mechanism and Data-reduction Techniques for Rod-drop

Experiments

Rod-drop experiments are conducted in EBR-II to evaluate reactivity
feedback. A special stainless steel control rod is dropped out of t}_le reactor
core, causing a drop in reactor power. Drop-rod position, reactivity \.Vorth
as a function of position, and reactor power are recorded and used as input
to an inverse-kinetics computer code, which computes system reactivity
and subtracts the reactivity change due to the dropped rod. The result is
the reactivity feedback in the system during the experiment. The rod-
worth calibration is determined as a function of rod position from experi-
ments conducted at a reactor power level of 500 kW, where feedback effects
are negligible. Typically, three to five rod-drop experiments are conducted
for a given set of power and coolant-flow conditions, and the results are
averaged.

Evaluation of the results requires consideration of the experimental
mechanism, the data-acquisition system, and the data-reduction or computa-
tional techniques.

1. The Experimental Mechanism

The special stainless steel rod is installed in place of a standard
control rod. The rod contains stainless steel instead of fuel pins, resulting
in a reactivity worth for the rod of 0.04$ to 0.05$, compared to about 0.50$
for a standard control rod similarly situated.

Modification of the reactor control system allows the rod to be
dropped independently of the remaining standard control rods. During an
experiment a signal trips the latching mechanism, and the rod falls through
a stroke of 14 in. in about 0.28 sec. The rod is decelerated through the
last 6 in. of travel by a dashpot. Following each drop, the rod is raised back
into the core and reactor power is leveled. Successive experiments require

15 to 20 min of separation to allow equilibrium delayed-critical conditions
to be reestablished,

2. Data-acquisition System?

The data-acquisition system consists of a neutron detector,
a rod-position indicator, electronic signal-conditioning and -transmission
€quipment, an analog-to-digital (A/D):converter, and an IBM-1620 computer,



a. Neutron Detector

The neutron detector is a General Electric Model NA09
compensated ion chamber, operated without the compensating voltage. The
chamber is located in the J4 instrument thimble, which penetrates the
neutron shield surrounding the reactor vessel. The detector location with
respect to the core is shown in Fig. 40.
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Fig. 40. Location of Neutron Detector

b. Rod-position Indicator

Rod position is obtained as a 0- to 10-V signal from a
potentiometer connected to the stainless steel drop rod.

c. Electronics System

All data obtained from the sensors are in analog form,
which must be converted to digital values for storage in the computer.
Signals presented to the A/D converter must lie in the range of *10 V,
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and signal conditioning is performed to provide adequate signals. ‘Rod'
drop experiments present three input signals to the A/D ?onvert;I}'l.e S
(a) ion-chamber output, (b) rod position, and (c) initiate signal. e
signal controls the acquisition of data by the computer and the relea b
the drop rod. Release of the rod occurs a specified time after the coml::i
begins accumulating data. The time delay is controlled by a' coanterfan
allows collection of power data prior to the drop for normalization of power
data acquired during the experiment,

Signal-conditioning equipment consists of a preamp}ifier for
current-to-voltage conversion of the ion-chamber signal and operatlo?lall
amplifiers for other necessary modifications to the signal. The amplifiers
are Nexus operational amplifiers with the 3-dB point at 500 ‘Hz and ar'x atten-
uation of 20 dB per decade. A block diagram of the system is shown in
Fig. 41.
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Fig. 41. Data-aquisition System for Rod-drop Experiments

The ion-chamber preamplifier OA-1 has range selection
for maintaining the output signal in the range of 2 to 8 V. Operational
amplifiers OA-3 through OA-5 have variable gain selection from 0.01 to
1000 scale units for signal modification. Attenuators 1A-1 through 1A-3,
just before the A/D converter, are 10-turn potentiometers for further
signal modification to maintain data within allowable limits at the digitizer,
Output from the digitizer lies between -1.8 and +1.8 V, and consists of four
significant digits, Digitizer output is stored by the computer and written
on magnetic tape upon completion of data acquisition for an €Xperiment,

In order to provide an adequate representation of reactor
pPower, most of the constant component of power is subtracted from the jon-
chamber signal by an offset voltage (OSV) at OA-3. The output of OA-3 then
represents the changing component of reactor power during an experiment,



Reconstruction of the power signal for inverse-kinetics computation is ac-
complished by calibrating the system gain from OA-3 through the computer
and adding the product; system gain times OSV, to each power-data point,

This is done at the time of the inverse-kinetics computation, rather than at
the time of data acquisition.

System calibration is accomplished by injecting a known
voltage into OA-3 and averaging the output to the computer. The system
gain equals output divided by input.

The rate of data sampling is controlled by a frequency gen-
erator and counter used as a clock. Data may be sampled at a rate up to about
300 samples per second, limited by the time required for the computer to
connect and disconnect to the digitizer and store data. A typical sampling
rate is 200 samples per second.

The NAVCOR A/D unit is a field modification to the IBM-

1620 computer. Maximum time skew between sampled channels is 160 usec.

The system is battery operated with a single ground.

3. Data-reduction Techniques

Reduction of rod-drop data involves reconstruction and normal-
ization of power, normalization of drop-rod position, computation of system
reactivity, computation of the rod-worth calibration, and, in the case of
experiments at significant power levels, computation of reactivity feedback.

Reconstruction and normalizatiom of reactor power (P;) is ac-
complished by adding the product: offset voltage (OSV) times system
gain (G), to each sampled power point (Pg) and normalizing all power data
to a 24-point average of power just prior to the rod drop:

Hies Ps +O0SV x G =
1 %

a Bl £ Pj;

Pj = Pi/Py; i = 25,26, ..., N.

Normalization of rod position (R;) is done by normalizing the
overall change in the signal to a change of unity:

e
Ry = v .ZK (Ri+2.0); 300 = K< 'L = 500;
i=

L
1"

[(Ri+2.0) - Rf] /R,

Bl



52

where

~
-

1
= —_— 1 2:0 -R .
Ry >4 1[(R1+ ) f]

-
"

Power and position values stored in the computer may consist
of both positive and negative values; addition of OSV times gain to power
and addition of 2.0 to the position data ensure that all values will be
positive in the raw data, and the normalized values will then be of proper

sign.

Normalization of power and position data to the average of the
first 24 points for each ensures normalization to data acquired prior to
motion of the rod during the test.

If it is deemed advisable, power data may be smoothed by a
Hamming function,® a part of the computer code which normalizes the data
and computes system reactivity and reactivity feedback.

4. Inverse-kinetics Determination of System Reactivity

Computation of system reactivity during the rod-drop experi-
ment is accomplished by utilizing the customary one-group,? 2 space-
independent kinetics equations.

Begin with the equations:

n 5 : 26
dd(tt) = [Ak(t)(lz* ﬁ) ﬁ]n(t) T = XiCi(t); (l)
dCi(t)

R L +5A*k(t)] Bin(t) - ACi(t), i

where

n(t) = normalized neutron, or power, level at time t;
Ak(t) = system reactivity at time t;
Bi = ith delayed-neutron fraction;
A= ith delayed-neutron decay constant;
C(t) S -th i
i =i elayed-neutron-precursor concentration at time t;

£¥ = prompt-neutron lifetime,
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By combining Egs. (1) and (2) we have

6 6
d:;t(t) a Ak(t)(;;ﬁ) P e . Zkici(t) i dcdlt(t)
1=1

z[1+Ak(t)] Safeine ZKC

Collecting terms results in the form

(11

6
dn(t) _ Ak(t dC1
R R

i=g

Linearize Eq. (2) by neglecting the product Ak(t)B;n(t), which is
small compared with Bin(t); this results in the form

dCi(t) _ Bin(t)
dt T I

- MCi(t) . )

Let n(t) and Cj(t) each be composed of a steady-state and a tran-
sient component:

n(t) = no + An(t);  Ci(t) = Cjo + ACi(t).
Consider Eq. (2') for the steady-'state case:

d[Cjo+ ACi(t)] _ Bilng + An(t)]

T = * - AMlCio+ AC(1)],

0= £ ek (3)

because the An(t) and ACj(t) are zero for the steady-state case and the
derivative of a constant is zero.

Now Eq. (2') can be rewritten using Eq. (3):

d[ACi(t)] _ Biln(t)
dt B ¥

- )\,iACi(t). (Z")
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dn, .
Rewrite Eq. (1') with the A notation of Eq. (2"), and-gtg = 0:
6
d[An(t)] _ Ak(t)[no+ An(t)] d[AC(t)] (1)
at = * dt :

=]

The relation (2") can be solved by application of the integration factor
exp(\it) and evaluation of the integral in the resulting expression by trap-

ezoidal integration:

ACj(t) = % exp(-\jt) /t: On(x) exp(Ajx) dx + ACj(to) exp[-2i(t - to)]

= % eXP('Xit)%[AH(to) exp(jto) + An(t) exp(r;t)] + ACi(to) exp(-1;At);
At=="t -1, in general t, ;/ time when n = ng, Cj = Cjo.
Rearrange terms:
ACi(t) = 53 F-[Bn(to) exp(-2it) + An(t) exp(0)] + ACj(to) exp(-A;at)

ﬁ—i %[exp(-)\i At)An(te) + An(t)] + AC(to) exp(-AiAt),

Substitute this expression for ACj(t) in Eq. (2"), then substitute
the resulting expression for dAC;(t)/dt in Eq. (1"):

6 6 - -
dAdn—t—(t) = Aﬂk—,ft)[mﬁ An(t)] - z Bl+:(t) + % Z Xzfl [exp(-X;At) An(ty)

i=1 i=1

6
+ An(t)] + Z AC;(to) exp(-); At).

=

Multiply this relation by £* (=1077 sec) and neglect any term in

which £* remains as a coefficient after reducing to lowest terms. The re-
sult is

s 6
0 = Ok(t)ng+ An(t)] - BAn(t) + % Z A Bilexp(-2jAt)An(to) + An(t)]

i=1



where

Solve this expression for Ak(t):

BAn(t) At i

Ak(t) = -
(t) ng+ An 2[no + An(t)] i=1

NiBilexp(-1jAt) An(to) + An(t)].

Multiply this expression by B! to obtain reactivity with units of
dollars:

An(t)
no + On(t) [no+ An(t

6
Ak(t) Z MBi [exp(-AiAt) An(to) + An(t)].

i=1 (4)

Equation (4) is used to evaluate the rod-drop worth at zero power
and the system reactivity during rod-drop experiments at power. The An(t)
are obtained by normalizing the ion-chamber output to unity for the steady-
state condition prior to the rod drop. Computing the appropriate values on
the right side of the relation from the normalized power data is accomplished
by considering that Eq. (4) represents the system reactivity at time t; the
system reactivity is zero for t = 0. Pointwise change in reactivity due to
the rod drop is computed from rod position at each time point and the value
is subtracted from the system reactivity, leaving a value for system feed-
back reactivity.

B. Consideration of Error .

Possible sources of error in the reactivity-measurement system
include the position and characteristics of the neutron detector, neutronic
noise, calibration of the electronics system, and data-reduction methods.

1. Neutron-detector Output

Location of the detector is not known to a precision necessary
to examine the possibility of shielding effects on the ion-chamber signal.
The chamber output current to preamplifier OA-1 (see Fig. 41) is linear with
reactor power.

2. Neutronic Noise

Neutronic noise varies from run to run, with a maximum ob-
served magnitude of about 4% of the measured neutron signal. Reduction
of any error associated with neutronic noise is accomplished by means of
several successive rod-drop experiments with pointwise averaging of
computed results. In addition, power-data smoothing can be performed prior

b5
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to inverse-kinetics computations by use of a Hamming function--this option
is provided in the computer code that performs the reactivity calculations.

3. Calibration of Electronics System

Calibration of the electronics system from operational amplifier
OA-3 through the IBM-1620 computer (see Fig. 41) is subject to a variation
of about 0.2% between minimum and maximum measured system gain. This
uncertainty is carried in the power data.

4, Data-reduction Methods

The output of the A/D converter consists ofdigital values with a
maximum of four significant decimal digits, ranging from -1.800to +1.800. This
implies an uncertainty as large as 0.001 due to truncation. The signal of
interest hereis the power signal. The resultant uncertainty in power data is, at
most, 0.001/(minimumpower) or about 0.001/0.8 = 0.0012, slightly more than
0.1% uncertainty, exclusive of any effects of noise in the data.

The inverse-kinetics computation is done with an IBM-3 60/75 sys-~
tem indouble-precision arithmetic, sothere is negligible error due to truncation
or round-off. Anerrorof0.1% inpower will give approximately 0.001$ error in
computed system reactivity. The computation of reactivity feedback will addi-
tionally contain any error present inthe calibrated worth of the drop rod.

Rod-worth calibration is determined from rod-drop experiments
conducted at a reactor power level of 500 kW. Usually three or more exper-
iments are pointwise averaged to obtain a rod-worth calibration. The cali-
bration is assumedtobe a continuous function of position. A measure of the
uncertainty in the calibrated worth is the standard deviation between a smooth
curve, fit to the calibration values, and the values themselves. Figures 42
through 47 show the best fits obtained for third- or fifth-order fits to the
averaged calibrations used to compute reactivity feedback for the runs
covered in this report. The standard deviation o is given in the figure cap-
tions for the respective curve fits. Additionally, for the two sets of calibra-

tion data for run 33A, fits were made to each of these (unaveraged) sets of
data. The best fit is shown in Fig. 46.

Note that the calibration of the low-worth rod (see run 36A,

Hipg: 47) should be fit only over the portion of rod travel occurring after the
reactivity change becomes significant,

' The inferred error in rod worth of the 0.05% rod (runs prior
to 35) is about 5%, which in turn implies that the error in the computed

fe‘edback can approach 0.0025$, plus or minus the 0.001$ error associated
with the uncertainty in the power data,

No attempt is made here to separate noise effects completely

fro ;
mother effects, since the values for rod worth are sensitive to noise in
the raw data,
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APPENDIX B
AIROS Channel Formulation

The AIROS channel formulation for EBR-II is depicted in five parts
in Fig. 48. Figure 48(a) shows the hexagonal loading patterns of the core-
fuel and inner-blanket subassemblies. Figure 48(b) depicts the various
reactor rows and the important reactivity-feedback sources in the core and
blanket subassemblies. The simulation of these various feedback sources
was made on the basis of "averaged" subassemblies at different radial
positions in the core and blanket. Figure 48(c) shows the averaged sub-
assemblies used in the dynamic-simulation model. The averaged core-
fuel subassemblies contain 91 fuel elements; the averaged control-rod
subassemblies contain 61 fuel elements; and the averaged inner-blanket
subassemblies contain 19 elements. A characteristic averaged element in
eachreactor row and control-rod region was selected as shown in Fig. 48(d).
Finally, the AIROS channel simulations consisted of describing each aver-
aged element as a cylindrical element composed of fuel, sodium bond,
stainless steel cladding, and sodium-coolant annulus [see Fig. 48(e)].

The dimensions, power, and flow rates were computed; and the
physical properties were established for all reactor materials chosen to
represent the average temperature range of interest in each rod-drop ex-
periment (see Appendix C). The fuel region was divided into three radial
and three axial nodes. The coolant regions were divided into four axial
nodes, three for the active core length, which contribute to the reactivity
feedback, and one node for the inlet coolant, which does not contribute to
the temperature-induced reactivity feedback. The temperature changes
associated with the 96 heat-transfer nodes wegre multiplied by their
appropriately weighed temperature coefficients to compute the temperature-
induced reactivity feedback associated with each rod-drop experiment.
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APPENDIX C

Physical Properties of Materials in Driver-fuel Elements

The transient response of EBR-II driver-fuel elements is partially
dependent on the physical properties of the materials used in these fuel
elements (i.e., uranium-5 wt % fissium, Type 304L stainless steel, and
sodium). The physical properties of these reactor materials are all
varying functions of the operating temperatures. In a rod-drop experi-
ment the temperatures will decrease as negative reactivity is inserted
into the reactor system. The amount of temperature decrease is depend-
ent on the reactivity worth of the stainless steel drop rod and on the
temperature-induced reactivity feedback of the system. Figures 49 through
54 show the thermal conductivities and specific heats of uranium-5 wt %
fissium, Type 304L stainless steel, and sodium as functions of temperatures.

Table XIV lists the percentage changes in physical properties of
reactor materials accompanying a decrease in operating temperature from
the upper limit of 1200°F to the lower limit of 700°F.
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Fig. 49. Specific Heat vs Temperature for Uranium=-5 wt % Fissium
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TABLE XIV. Percentage Changes in Thermal Conductivity and
Specific Heat of Reactor Materials (1200 to 700°F)

Reactor Materials Thermal Conductivity Specific Heat
U-5wt % Fs -29.0 -46.0
Stainless Steel

(Type 304L) -15.0 -9.0
Sodium +2230) Sl

Table XIV represents the maximum range of variations in these
physical properties. Experimentally, the temperature change of interest
in an individual rod-drop test is much less than this. In runs 26B through
33A, the reactivity worth of the drop rod varied between approximately
12 and 17 Th. The typical core-averaged sodium-coolant AT at 50 MW is
184°F, or approximately 3.7°F/MW. For a drop-rod worth of 15 Ih and a
typical reactor power coefficient of 1.5 Ih/MW, we would experience an
aPproximately 10 MW change in reactor power following thermal equilib-
rium. Thus, for this typical rod-drop test the temperature change in the
AT .of the primary sodium coolant would be 37°F. Assuming a nominal
sodium-coolant temperature of 800°F, a drop of 37°F would change the
thermal conductivity of the coolant by +1.0%. Therefore, the assumption
of constant.values for thermal conductivity and specific heat in each rod-
drop experiment introduces a very small error. With the lower-worth
drop rod, the error in the AIROS-IIA channel formulation is negligible.



APPENDIX D
Detailed Feedback Model (Prompt and Delay Terms)

The principal temperature-induced reactivity-feedback networks
considered in the main sections of this report result from temperature
changes in the reactor driver fuel and primary sodium coolant. It was
demonstrated in this report that by theoretical accounting for the details
of these reactivity effects, we obtained excellent agreement with measured
reactivity feedback obtained from rod-drop experiments. With reference
to the safe operation of EBR-II, these principal effects are readily under-
stood and are reproducible in the core loadings studied. However, the
existence of other feedback networks must be stressed in understanding
the differences between rod-drop and power-reactivity-decrement meas-
urements, as well as the influence of changes in future EBR-II core loadings.

Figure 55 is a more complete feedback diagram for present and
future EBR-II core loadings, illustrating the additional reactivity contri-
butions to be expected in future core loadings. These feedback networks
will include:

(1) temperature-induced Doppler reactivity effects in experimental
oxide fuel elements;

(2) temperature-induced axial expansion of control-rod drive shafts;

(3) temperature-induced bowing of core and reflector subassemblies.

In addition, there may be some initial (at low-burnup levels) fuel-
expansion effects from experimental oxide-fuel elements, based on experi-

ence in the French FBR program at Rapsodie Experimental Reactor. These
effects will be simulated in future analyses of rod-drop experimental results.
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APPENDIX E

Proposed Instrumented Driver-fuel Subassembly*

An instrumented driver-fuel subassembly would appreciably enhance
our ability to understand the dynamic behavior of EBR-II core loadings.
Presently, only ion-chamber current is monitored and interpreted into
relative changes in reactor power. As noted in Appendix A, the ion-
chamber current is processed and converted into system reactivity. The
dynamic-simulation model described in this report was used to analyze
the results of these processed data. In computing the closed-loop feedback,
temperatures in fuel, sodium bond, cladding, and coolant are calculated
for each averaged fuel element in each row in the core and inner blanket.

An instrumented driver-fuel subassembly would provide detailed
information on the temperature change in driver-fuel elements during a
rod-drop experiment. A schematic representation of the EBR-II instru-
mented subassembly is given in Fig. 56. Figure 57 is a cross-sectional
view of a typical subassembly loading, showing the locations of thermo-
couples and coolant flowmeters. The utilization of an instrumented driver-
fuel subassembly in rod-drop experiments would greatly enhance our
ability to detect temperature changes and would complement our present
ion-chamber data. The combined data set would provide information per-
taining to the detailed temperature-induced feedback networks required
for a completed dynamic simulation and understanding of the EBR-II
response.

*An instrumented subassembly containing experimental oxide-fuel elements is presently installed in the
EBR-II core.
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APPENDIX F

Experimental Subassemblies

Table XV lists the various experimental-irradiation subassemblies
present in the core loadings studied in this report. The reactivity feed-
backs from the ceramic-fueled subassemblies were assumed to be zero in
this study, owing to the small amount of material and the lack of data on
ceramic-fuel expansion. However, the various subassemblies surrounding

TABLE XV. Physical Characteristics of Irradiation Experiments

Midplane
Power Generation Burnup Rate
) Kw/it) ([at. #/mwd] x 104)
Subassembly Grid Exposure = - —
No. Location Goal (MWd) Fuel Type Max3 Min' Max’ Min
X602 7A1 16,700 U0,-20 Pu0z 53 i 26 =
XG03 01 23,300 U02-20 Pu0z 53 46 2.6 24
XG04 781 45,000 U02-20 Pu0z 5.3 46 26 24
XG05 4c2 13,750 U02-Pu0z 155 135 6.1 55
XA8 a2 20,700 (Ug,g-Pug.2)C 26.0 17.2 62 42
X010 73 19,600 U0-20 Pulp 86 1 37 Shd
X012 482 21,400 U0z-20 Pu0z 155 135 6.1 54
X015 a2 11,500 U0p-Pu0y 154 14.0 6.1 5.6
X016 a3 7,400 Structural® - - J o
X017 4c3 6,500 U0z-Pu0z 15.4 135 6.1 54
X018 281 22,900 Structural # = = 2
X019 602 13,000 U0,-Pu0y 80 7.0 45 44
X020 6B5 13,000 U0z-Puly 8.0 70 45 44
X022 ca 5,000 Structural® e 2 = o
X025 ®2 7,700 Structural® - - - -
X027 483 16,000 U02-25 Pu0z 15.4 137 6.1 54
X029 483 5,100 U-5Fs 10.2 84 5.9 45
X030 6E1 No Limit Structural® o 3 = &
X032 6F1 14,300 Pu02-25 U 10.2 9.3 43 7
X033 SE2 12,200 (Ug.8-Pug 2IC 2.2 180 53 a7
X034 21 14,800 Structural® & 3 e 3
X035 784 44,800 Structural® - = 3 [
X036 7E1 33,300 U0p-25 Pu0z 82 6.0 27 2.0
X038 7c5 17,700 Structural® g & 2 =
X900 A4 2,700 Structural® = 7 = =
X040 582 7,000 U0z-Pu0z 16.4 144 49 45
X041 7A3 16,700 Structural = = 5 =
X043 402 6,100 U0,-25 Pu0z 16.5 14.0 55 49
X044 7A1 8,100 Structurald - > = =
X050 4c2 7,500 UOZ-PUOZ 15.2 13.6 56 5.1
X051 3A2 16,400 U0,-25 Pu0z 6.0 5.1 20 19
X053 483 3,600 U-5Fs 10.2 84 54 4.0
X054 4E1 10,000 U02-25 Pu0p 15.2 13.7 53 48
X055 6A4 20,000 (Up,gs-Pup,151C 142 134 32 217
X056 5c2 10,600 U0,-25 Pu0, 136 124 5.0 43
X057 281 15,000 Structural® - - - -
X058 73 16,000 U02-25 Pu0y 95 7 35 27
X059 4A1 17,500 U0p-25 Pu0, 9.6 9.1 34 32
X060 c3 5,400 Structural® - - = -
Xos1 A5 18,000 Structural® - = = =
Wi L] 5,400 Structural® - = = =
A w 2,40 Structural® - a & =

23Capsule or element witl
'Capsule or element wit

CStructural tests of clad

9Structural tests of mat

h maximum value.
h minimum value.

erials (i.e., Al,0, Y203).

iding materials (i.e., 304L, 316, V-20 Ti, Hast-X, INCO-625, etc.).
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the stainless steel drop rod may be the principal cause of the uncertainty
in drop-rod worth at full power. Table XVI lists the subassemblies in the
first and second rings surrounding the stainless steel drop  #odss The
second ring of subassemblies is included because of experimental data
obtained in run 33A. In this run, the worth of the stainless steel drop rod
was measured at 500 kW with the No. 2 control rod (second ring) in the
core and again with the No. 2 control rod out of the core. The results of
this experiment showed a decrease in the worth of the drop rod of 6.6%.

TABLE XVI. Changes in Local Environment Surrounding the Stainless Steel
Drop Rod and Associated Reactivity-worth Changes for the Drop Rod

Measured Reactivity
Nearest Subassemblies Second Ring of Subassemblies ~ Worth of Stainless % Change

Run to Stainless Steel Drop Influencing Worth of Stainless Steel Drop Rod in Worth
No. Rod (not driver fuel) Steel Drop Rod at 500 kW($) between Runs
268 X019 (Oxide and XG03 (Oxide Fuel) 0.0417 o
Carbide Fuel) Reflector (Stainless Steel)
X017 (Oxide Fuel)
2A X019 (Oxide and XG03 (Oxide Fuel) 0.0493 +18.2
Carbide Fuel) X016 (Oxide Fuel)

Blanket (Depleted Uranium) X017 (Structural)
Reflector (Stainless Steel)

2C X019 (Oxide and XG03 (Oxide Fuel) 0.0408 -20.8
Carbide Fuel) Blanket (Depleted Uranium)
X016 (Structural)
X017 (Oxide Fuel)

3BA X019 (Oxide and X038 (Structural) 0.0533 +30.6
Carbide Fuel) Blanket (Depleted Uranium) (0.0500 (-6.60
XG03 (Oxide Fuel)
X043 (Oxide Fuel)

3%6A X019 (Oxide and X038 (Structural) 0.0221¢ e
Carbide Fuel) Blanket (Depleted Uranium)
XG03 (Oxide Fuel)
X043 (Oxide Fuel)

3Worth of stainless steel drop rod with No. 2 control rod out of core.
bChange in worth of stainless steel drop rod due to withdrawal of No. 2 control rod.
CNew low-worth stainless steel rod.

Early work by R. W. Hyndman and R. B. Nicholson? deduced that
the worth of the stainless steel rod changed when the reactor power was
raised from 500 kW to 45 MW. Since a large number of small changes
occur in raising the reactor power, it is difficult to separate effects. The
effective material density of the reactor decreases as the reactor power
is increased, thereby increasing neutron leakage. The increase in tem-
peratures causes the core-fuel subassemblies to bow outward because of
induced thermal gradients, thereby increasing radial and axial neutron
leakage. If changes in neutron leakage affect the at-power reactivity
worth of the stainless steel drop rod, then the surrounding subassemblies
could also influence the reactivity worth of the drop rod.

At present, only limited data are available to resolve this impor-
tant question. The existing experimental data presented in Table XVI
imply that the local environment does influence the worth at 500 kW.
Future critical assemblies in ZPR-3 and additional power experiments in
EBR-II may aid in resolving this question. Our ability to interpret changes
in the dynamic characteristics of any given core loading is dependent on
our knowing the reactivity worth of the drop rod.
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